Background: Intravoxel incoherent motion (IVIM) can provide a unique view of tissue perfusion without the use of exogenous contrast agents. Purpose: To investigate the value of IVIM in assessing grades of clear cell renal cell carcinoma (CRCC). Material and Methods: A total of 107 patients with pathologically proven CRCC were included, 26 with grade I, 27 with grade II, 25 with grade III, and 29 with grade IV. These tumors were divided into low (I þ II) and high grades (III þ IV). Nine b values (0, 30, 50, 80, 150, 300, 500, 800, and 1500 s/mm 2 ) were used in diffusion-weighted imaging (DWI). The tissue diffusivity (D), pseudodiffusivity (D*), and perfusion fraction (f) were calculated using bi-exponential fitting of the diffusion data. 
Introduction
Clear cell renal cell carcinoma (CRCC) is the most common primary malignant epithelial tumor of the kidney. CRCCs are heterogeneous in nature, and during malignant transformation, the histopathological features of the tumors change substantially (1), reflecting alterations in tumor microstructure. For example, angiogenesis increases and the tumor becomes more cellular and micronecrotic. After stage, CRCC nuclear grade is one of the most important features affecting prognosis (2) . In the past eight decades, many studies confirming the prognostic value of nuclear grade have been performed. Diffusion-weighted imaging (DWI) has been used for the characterization of CRCC and the definition of infiltration zones, but the apparent diffusion coefficient (ADC) is not consistently helpful in differentiating among CRCC grades (3) . In previous studies, the histological differentiation of CRCC tumor grade also showed an overlap in ADC values (4) .
Intravoxel incoherent motion (IVIM) can provide a unique view of tissue perfusion without the use of exogenous contrast agents. Chandarana et al. (5) demonstrated higher perfusion fraction (f) and lower tissue diffusivity (D) in enhancing renal tumors compared with benign non-enhancing lesions. They also found that the parameters f and D can discriminate among renal tumor subtypes (6) . However, their studies did not investigate the pathological grade of RCCs. Because RCC grades differ in degree of vascularity and tumor architecture, the diffusion magnetic resonance imaging (MRI) parameters D, pseudodiffusivity (D*), and f may provide more sensitive and specific characterization of renal masses (7). Our purpose was to investigate the relationship between tumor grades and parameters calculated using IVIM MRI of the CRCCs.
Material and Methods

Patients
Our study was approved by our institutional review board and written informed consent was obtained from all patients before the study. A total of 107 CRCCs were confirmed by pathology and immunohistochemistry from January 2012 to January 2016, and the patients underwent 3.0-T kidney MRI. These tumors were divided into four groups (I, II, III and IV) according to the pathological grading of renal cancer. These tumors were then divided into low grade (I þ II) and high grade (III þ IV).
MRI
MRI examinations were performed using a 3.0-T MR scanner (GE Signa EXCITE HD, Milwaukee, WI, USA) with an eight-channel array body coil and a 24-channel phased array spine coil integrated into the scanner 
Image analysis
Acquired images were transferred to an offline workstation for processing. Before IVIM quantification, image co-registration and smoothing were performed using automated image registration (AIR) software 4.6.4. With our IVIM protocol, we obtained parameters related to D, D*, and f. The assessment of CRCC and ROI positioning was conducted by a radiologist (with five years of clinical experience in interpreting MR images). ROIs of the mass (range ¼ 100-225 mm 2 ) were manually drawn using Image J (National Institutes of Health, Bethesda, MD, USA) in axial slices. Attention must be paid to avoid areas with aliasing artifacts when they appear in the image. Each IVIM parameter was measured three times and the mean value was used.
Statistical analysis
Statistical analysis was undertaken using the SPSS version 17.0 statistical software (SPSS, Chicago, IL, USA). Numeric data were expressed as the means and standard deviations, and categorical data were expressed as percentages. One-way ANOVA analysis of variance and Pearson correlation were used to analyze normally distributed continuous data. The Kruskal-Wallis H test and Spearman correlation were used to analyze abnormally distributed continuous data. Tumor IVIM parameters were compared and tested for correlation with the pathological grading of CRCC. The specificity of IVIM values to diagnose pathological grading of CRCC and the best cutoff were calculated from the areas under the ROC curves. P < 0.05 was considered statistically significant.
Results
In total, 107 patients with CRCCs were evaluated for this study (26 with grade I, 27 with grade II, 25 with grade III, and 29 with grade IV; age range ¼ 36-72 years; mean age ¼ 55.6 years; 61 women, 46 men). The age distribution of the patients with grades I-IV was similar (P > 0.05).
The average D and D* values decreased with higher CRCC grades, whereas the average f values increased with higher CRCC grades ( Table 1) .
The D values ( The receiver operating characteristic curve of D values (Fig. 4) for discriminating low and high CRCC grades is shown. The areas of the D, D*, and f values under ROC curves for the diagnosis of low and high CRCC grades were 0.934, 0.837, and 0.793, respectively. The cutoff values of D, D*, and f were 1.13, 0.056, and 0.376. The diagnostic performance for low and high CRCC grades had a sensitivity of 82.0%, 80.7%, 83.2%, and a specificity of 90.8%, 86.3%, and 82.6%.
The four-tiered nuclear grading features of CRCC are as follows: grade I CRCC tumor cells have small hyperchromatic nuclei (Fig. 5a) ; grade II CRCC tumor cells have finely granular open chromatin but inconspicuous nucleoli (Fig. 5b) ; grade III CRCC tumor cells are unequivocally recognizable (Fig, 5c) ; and grade IV CRCC tumor cells show nuclear pleomorphism and hyperchromasia (Fig. 5d) .
Discussion
The cure rate for patients with localized CRCC treated by radical nephrectomy is under 70% (8) . The main cause of CRCC death is undetectable micrometastases. A major problem in the management of patients with CRCC is to evaluate its malignant potential. Many prognostic features, such as tumor size, cell type, grade, tumor pattern, and nuclear morphometry, have been proposed as useful parameters; however, only limited clinical applications have been achieved (9) .
Standard DWI techniques assume a Gaussian diffusion distribution (10) and they can indicate a small diffusion distance in the tissue, but the reason (high viscosity or more cell membranes) for the distance is left unclear. Raab et al. (11) also used diffusional kurtosis imaging to characterize cerebral glioma RCC subtypes differ in degree of vascularity and cellularity tumor architecture, the diffusion IVIM parameters f, D*, and D, reflecting distinct processes that contribute to ADC, may provide more sensitive and specific characterization of renal tumors (13, 14) .
IVIM is analyzed by bi-exponential fitting of the signal decay to account for the D* and the D component (15) . The D values are influenced by tissue perfusion and tissue cellularity. The contribution of perfusion to the diffusion signal was investigated by Le Bihan et al. (16) in their study on IVIM. The blood flow in randomly oriented microvasculature, referred to as D*, contributes to diffusion signal decay predominantly at low b values (<200 s/mm 2 ). In this study, both D and D* values correlated negatively with CRCC grading (r ¼ -0.677 and -0.693, P < 0.05). Many studies attribute lower D and D* to higher cellularity (17); however, Sadeghi et al. (18) could not find a correlation of ADC with cellular density in their study. Our study showed a significant D and D* difference among CRCC grades, with lower mean D and D* values in the high CRCC tumor grades. The reason for reduced D and D* can be either an increased viscosity of the tumor tissue (19) or a mechanical hindrance of water motion due to barriers such as cell membranes (20) . In our study, using D and D* values of 1.13 and 0.056 as the threshold value for differentiating high grades of CRCC from low grades of CRCC, the best results obtained had a sensitivity of 82.0% and 80.7% and a specificity of 90.8% and 86.3%, respectively.
Rheinheimer et al. (21) used the IVIM technique in renal tumor types and found that the f value provided significant added value, particularly in the differentiation of CRCC from non-CRCC. Notohamiprodjo (22) found a significant corticomedullary difference, with a higher average f value in the cortex than that in the medulla. This finding appears reasonable because 90% of the renal blood volume is distributed in the cortex (23, 24) . Huang et al. (25) used diffusional kurtosis imaging in a normal human kidney to report preliminary diffusional kurtosis imaging measurements. Their results indicate that the rich vasculature will complicate the interpretation of the diffusion pattern in the kidney. Sigmund et al. (26) conducted a both IVIM and DTI in human kidney under hydration and furosemide flow challenges, revealing that the corticomedullary contrast of the kidney in diffusion imaging is sensitive to vascular flow. In this study, we have shown that the IVIM parameter f was correlated positively with CRCC grading (r ¼ 0.699, P < 0.05). This finding is most likely a result of the dominant contribution of blood volume to high grade CRCC (27, 28) .
Several studies (29, 30) have shown that non-contrast MRI methods such as arterial spin labeling (ASL) can also be used in the differential diagnosis of benign and malignant renal tumors. The quantitation of perfusion with ASL is slightly more technically challenging than the calculation of f value with IVIM DWI (31). However, future studies using a joint ASL-DWI encoding scheme may further illuminate the CRCC microenvironment.
The main limitation of our study is the small number of patients in each grade of CRCCs. We recommend further studies with larger populations to validate the results of our study. Furthermore, respiratory movements of the kidney occur mainly in a cranio-caudal direction and do not always coincide with the abdominal wall movements. Finally, we used measurements based on the ROI of the presumably most solid parts of the CRCCs visible on T2-weighted images and did not include the whole mass, possibly introducing a selection bias.
In conclusion, our study demonstrates significant differences in IVIM among CRCC grades, thereby showing a better separation between tumor grades by mean IVIM measurements. This new technique may be used as another non-invasive method of CRCC grading.
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